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Outline

A Motivation

A CACTUS concept for enhancement of volatile species signature in mass spectrometry
Instruments (GC-MS, RGA, etc.). Concept elements:

A Collection: Passive adsorption
A Accumulation: Long-duration exposure
A Concentration: Selective desorption
A Transport: Concentrated volatiles sample for a mass spectrometer
A Unknown Species: Applicable to all volatile species
A Benefits:

A Enhanced concentration (1000s of times) of species of interest
A Front-end component compatible with any MS instrument

A Relevant environments and range of applicability:
A lcy Worlds, moon, comets, asteroids, etc.
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Motivation

A Some robotic exploration missions (e.g., lcy Worlds) will operate in extremely cold
environments in the hard vacuum of space. Landers will inadvertently affect the
conditions in the landing sites:

A Energy deposition by some landing methods (I kW/m?2) may generate severe sublimation in a
large area around the landing site

A Spacecraft with higher than ambient temperatures will shift the water P-T equilibrium
conditions and promote sublimation

A Heat from surface operations (excavation, drilling, etc.) will further stimulate sublimation
A Volatiles from affected areas will be lost to the vacuum of space
A lce sample retention times will restrict technological solutions for achieving mission goals

ACACTUS i alternative or complementary approach to current methods:
A Collecting volatiles and enhancing signatures of interest to improve instrument performance
A Front-end MS component used similarly to laboratory methods (e.g., Tenax getter for GC-MS)
A Increases flexibility of science operations
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CACTUS: Core Components

A Fecralloy i resistive porous Fe-Cr-Al alloy foam:

A Highly porous (>90%) metallic foam available in arange  Fecralloy 3
of pore sizes promotes high conductance for engineering
the desired molecular flow

A Resistive Joule heating facilitates localized low-loss rapid

heating
Different &
| pore sizes &
A Zeolites: e
A Passive adsorbers especially suited for cryogenic
environments
A Enormous surface area (~900 m2/g) in conjunction with Bonded
iInherent micro- and mesoporosity provides large sorption zeolites

capacity (>25 wt.%)

A Tunable adsorption properties allow for tailoring
performance to species of scientific significance
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Brief Introduction to Zeolites

Zeolte (e ¥y vyoqandbeodi | i ng st oneo)

Natural minerals (46) and synthetic materials (204)

Large structural variety

Enormous adsorption capacity (15-30 wt.%)

Large specific surface area (400-900 m?/qg)

Tunable sorption and chemistry through ion exchange of trapped ions
Synthesized and developed for catalytic chemistry applications
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Example: Faujasite (FAU)

A Structure: Sodalite cages connected with
hexagonal bridges
A Pore sizes: 7.4 A and 13 A (supercage)
A Available in X and Y types:
A X: silica-to-alumina ratio 2-to-3
A Y: silica-to-alumina ratio >3
A lon exchanged varieties:
A H* Na*, Ca?*, Mg?*, Pt2*, etc.
A lons govern adsorption selectivity
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Prior Use of Zeolites in Space Missions

Hubble Space Telescope: WFPC-II | Multiple instruments

e EOS
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CACTUS Concept: Capture

A Figure: equilibrium pressure-temperature (P-T) diagram for
water in vacuum:
A Europa surface ice exists in extreme-high-vacuum conditions

A Lunar regolith, asteroids, etc., facilitate similar conditions

AffHot o

spacecr aft

planetary ice change the P-T equilibrium:

A Six orders of magnitude higher P for a 150K component
(e.g., drill) touching Europa ice!

A Fast non-equilibrium sublimation kinetics
A Embedded in ice organics will also be volatilized
A The vapor during sample collection is lost to space

A Solid sample acquired by a drill, scoop, etc., sublimates
quickly throughout transfer with the vapors lost to space

A CACTUS offers the capability of collecting and analyzing
the content of these vapors
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CACTUS Concept:

Application example

Volatiles collector
CACTUS

Vapor loss
to space
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A CACTUS application example shown schematically in figure

A Vapor flow is directed through the porous CACTUS core solely
using vacuum engineering design principles (no pumping):
A Dominant flow, governed by the Fercalloy structure, occurs through the
porous CACTUS media (higher conductance)
A Small unavoidable losses to the vacuum of space are acceptable

A Large CACTUS surface area, governed by the zeolite load, dominates
the adsorption

A Zeolite properties can be tailored to adsorbates of interest (e.g., Mg2*
lon-exchanged zeolites for targeting collection of volatile organics)
A No power consumption, N0 moving components are necessary

A Multiple capture schemes can be envisioned implemented on
different paths of the gas flow

A Implementation of segmented CACTUS components can aid different
science goals

A CACTUS components used in series can enhance species separation
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Capacity (wt.%)

CACTUS Concept: Accumulation

25

Na*

20

15

10

0 100 200 300 400 500

Temperature (°C)

Water capacity of ion-exchanges FAU zeolites
determined by thermogravimetric analysis
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A Example for a 200K component touching Europa ice surface:

A CACTUS core : flox10 92% por ous 3vélanter
(image inset in figure)

A Zeolite weight: 1 g FAU zeolite

A Adsorbate capacity: ~0.2 g (equivalent to ~200 mm?3 ice)

A Equilibrium P at 200K:  ~0.002 mbar

A Accumulation rate: ~1 ng/s (~1 ng in 1000s)

A Accumulation can be tailored to science goals

A Short-term exposures support large number of sample analysis at the
expense of sensitivity

A Long term exposure expand the sensitivity of an MS instrument
A Allows for flexibility in planning mission activities
A Adsorption favoring organics accumulation or water accumulation
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CACTUS Concept: Concentration and Transfer

A Preparation after collection / accumulation step:

A The component is removed from the surface, the drill / heating
core is withdrawn

A VOC transfer to MS

o Ry
% //’ A The CACTUS core with adsorbent is enclosed in a container,
o . rrsas e sealed with valves from space and the MS instrument
g— Removing 7 ) . . " .
[ @ water vapors ,,4 A Concentration i a process similar to distillation
R A A:  Current applied to the resistive Fecralloy delivers heat
time - directly to zeolites and releases adsorbates. Heating rate is
VOCs to MS selected to allow thermal relaxation on zeolite surfaces.

A B: CACTUS is kept at temperature, selected to desorb water
but not organics, until most of the water desorbs and is outgassed
to space.

A C:  Valve to space closed and valve to MS open. Slow heating
rate to higher-T applied to desorb organics. Science goals dictate
the choice of constant ramp rate or step-like T-increase (thermal
profiles shown with different blue lines).

A D: Rapid reactivation / regeneration of CACTUS (400 °C)
A Transfer:

A Through a duct / gas conduction path to a MS instrument

A May require heating like in MS capillary tubes
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CACTUS Concept: Unknown Species

A Under Europa surface conditions, CACTUS works analogously to a Gas Chromatography (GC) column with
water vapor used as carrier gas

A CACTUS is suitable for virtually all species of scientific interest with respect to life detection

A Adsorption on zeolites, the active CACTUS component, utilizes physisorption at cryogenic vacuum conditions:
A No chemical selectivity, adsorption depends on binding energy
A Strong adsorption for polar molecules
A Strong adsorption for molecules with mass greater that ~50 Da

A Strong adsorption for volatile organic compounds (VOCs) investigated to-date (except for CH, at Europa surface
temperatures)

A Efficient H,O adsorption at cryogenic temperatures and high-vacuum conditions (for lunar regolith investigations)
A Low binding energy allows for efficient low-T desorption without losing other adsorbates (Icy Worlds applications)
A Potential for enhanced chemical sensitivity
A Mg?* and Ca?*-exchanged zeolites exhibit enhanced adsorption efficiency for VOCs.
A H* and Na*-exchanged zeolites exhibit lower H,O binding energy, allowing for tunable desorption

AA ficocktail o of zeolite tvypeechandgedH), Na'Z2VBM Ca2e Rde, . elc.) variettedicard i f
be used to tailor adsorption and desorption properties to classes of molecules of specific interest to the science goals

A Reactions at cations resulting in decompositions of molecules may occur
A ldentification of fragments is analogous to electron-ionization-based residual gas analysis
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Summary:. CACTUS Front-End Component to a MS Instrument

Enhanced

science results

GCMS

MS

S e
s

CACTUS: A Is not a substitute for a MS instrument

A 1s a front-end component working in conjunction with a MS instrument to
enhancing its sensitivity to trace species

A Similar adsorption application scheme, using large surface area aerogel media, achieved
a factor of >2000 enhancement of trace organics concentration w.r.t. direct sampling

A Offers exceptional flexibility for achieving science goals:
A Allows for implementation of different volatiles collection schemes:
A Segmented modules operating at different P and T conditions
A Different zeolite types tailored to adsorption of different species (like GC columns)
A Allows for implementation of different desorption schemes:
A Constant T-gradient or T-steps desorption depending on science targets

A May relax sensitivity requirements on main instruments (CG-MS, QMA, IT-MS)

A Carries potential for simplifying mechanical design of sample collection tools:
A Substituting a drill with a hot rod contacting planetary ice surface
A Substituting sample portioning mechanisms with filled-to-capacity zeolite

A Applicable in diverse space environments:
A Organic and inorganic life indicators on Europa and other Icy Worlds
A Moisture in lunar regolith
A Sample return missions to asteroids and/or comets
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